Effective manipulations to prevent the spread of invasive species are needed. Downy brome (Bromus tectorum L.) is an annual invader that often expands after disturbances, compromising restoration of big sagebrush (Artemisia tridentata Nutt.) communities in western North America. This study examined the effects of two manipulations that may slow seed dispersal: soil microtopography (roughened with 50-cm relief or flat) and woody debris (0.024 m 3 ·m −2 or none) on restoration of four disturbed mountain big sagebrush (A. tridentata Nutt. ssp.
Introduction
Disturbances often increase the vulnerability of ecosystems to invasive species (Masters and Sheley, 2001; DiVittorio et al., 2007; Eschtruth and Battles, 2009) . Even if invaders are not evident before disturbance, preventative measures may be warranted given the high cost of invasive species control relative to prevention (Davies and Sheley, 2007a; Davies and Johnson, 2011) . Strategies for prevention or control include reducing invader propagule pressure (Reinhardt and Galatowitsch, 2008; Johnston, 2015) and supplying seeds of species that will compete well against potential invaders (Fargione et al., 2003; Leffler et al., 2014) . Ideally, abiotic conditions would also be manipulated to favor desirable species. However, in many ecosystems, practical abiotic manipulations that favor native plants over invasives have been difficult to identify (Mangla et al., 2011; Hulvey and Aigner, 2014; Jones et al., 2015) .
The first step in identifying a practical manipulation is to identify an exploitable difference in traits. One trait difference between typical restoration species and many invasive species is differential reliance on seed production. Invaders, especially annual invaders, tend to have high seed production and efficient dispersal mechanisms to allow them to quickly colonize resource-rich areas (Sakai et al., 2001; James et al., 2010) . Often, desirable species are less ruderal, relying on perennial life spans, vegetative reproduction, and only occasional recruitment from seed. In ecosystems where this is the case, abiotic manipulations that slow seed dispersal may benefit restoration. Indeed, modeling results have suggested that mean dispersal distance is an important driver determining the spread of invasive plants, and management activities that reduce mean dispersal distance of invaders should be employed to help reduce invasion (Coutts et al., 2011) . However, effective management actions to reduce dispersal are not well researched (Davies and Johnson, 2011) .
Many studies have examined how soil surface and vegetation characteristics impact gravity and wind-mediated seed movements and seed entrapment (Reichman, 1984; Chambers et al., 1991; Johnson and Fryer, 1992; Chambers and MacMahon, 1994; Chambers, 2000) . As soil particle size increases, the energy required to lift a seed from the soil surface increases, making entrapment, seed burial, and germination more likely (Johnson and Fryer, 1992) . At larger scales, shrub patches can create barriers to seed movements, which result in a higher concentration of seeds upslope or within the patch (Russell and Schupp, 1998; Giladi et al., 2013) . Artificial obstructions such as shrub mimics and holes effectively entrap seeds (Chambers, 2000) . In spite of the known relationships between surface features and seed dispersal, the effect of dispersal-limiting manipulations on invasive species has received relatively little attention. The few studies that have been conducted are promising. For instance, the dispersal distance of medusahead (Taeniatherum caput-medusa L.) decreases with increasing height of neighboring vegetation (Davies and Sheley, 2007b) , and medusahead invasion may be slowed by planting a barrier of competitive perennial grass .
Such manipulations could be helpful against the troublesome annual grass downy brome (Bromus tectorum L.). Although downy brome seeds readily attach to fur, which facilitates long distance dispersal (Mack, 1981) , short-distance dispersal is wind mediated and sensitive to surface characteristics. Seeds of downy brome are awned, and seeds of this type are particularly sensitive to redistribution according to surface features (Chambers, 2000) . In an intact sagebrush steppe plant community, Kelrick (1991) estimated that a downy brome seed had about a 50% probability of remaining in a particular location upon landing there. In vegetated environments, in the absence of animal vectors, maximum dispersal distance of downy brome seeds is about 100 cm (Hulbert, 1955) . In contrast, over flat, bare soils maximal dispersal distance of fluorescently marked downy brome seeds was measured at 2 100 cm (Johnston, 2011) . In a comparison of burned versus unburned pinyon and juniper forest, mean dispersal distance of downy brome seeds was 6× higher in burned areas (Monty et al., 2013) .
Alternative methods of increasing resistance to invasion are needed in big sagebrush (Artemisia tridentata L.) ecosystems in western North America. Big sagebrush communities have declined to only 56% of their former extent due to a combination of conifer expansion, annual grass invasion, and anthropogenic development (Schroeder et al., 2004; . Big sagebrush restoration is hindered by downy brome. Seeding competitive perennial grasses can limit downy brome and other annual grasses (Whitson and Koch, 1998; Davies, 2010) , but competitive grasses also hinder the establishment of big sagebrush (Hild et al., 2006; Porensky et al., 2014; Chambers et al., 2017) . To promote big sagebrush restoration under threat of downy brome invasion, I investigated two tools known to affect seed entrapment: microtopography manipulation (Chambers, 2000) and woody debris replacement (Fuentes et al., 1984; Reichman, 1984; Russell and Schupp, 1998) .
I conducted a factorial experiment crossing a microtopography treatment, a woody debris treatment, and a native seeding treatment at four disturbed areas within the Piceance Basin, Colorado. I also crossed microtopography and woody debris treatments in a seed dispersal study using fluorescently marked downy brome seed. I asked three questions: 1) Do microtopography or woody debris treatments affect the need for seeding in restoration of disturbed big sagebrush communities? 2) How do microtopography and woody debris treatments affect downy brome seed dispersal distance? 3) How do seeding, microtopography manipulation, and woody debris replacement interact to influence postdisturbance invasion vulnerability and plant community development?
Materials and Methods

Restoration Study: Study Area
The Piceance Basin is in Rio Blanco and Garfield Counties, Colorado. Ground disturbances are common in the Piceance Basin because it is rich in natural gas; as of April 2013, the 1.8 × 10 6 ha area contained about 24 000 gas wells (Colorado Oil and Gas Conservation Commission 2013). The area is topographically and ecologically complex. Parallel gullies run north-south from Piceance Creek (~1 800 m) to the top of the Roan Plateau (~2 500 m), where elevation drops off sharply at the Book Cliffs to the Colorado River Valley (~1 500 m). Vegetation varies dramatically with elevation, slope, and aspect. Downy brome is common at lower elevations but only evident with disturbance at the highest elevations, where precipitation reaches 500 mm annually. This study focused on mountain big sagebrush communities, which dominate flat areas above~2 100 m (Cottrell and Bonham, 1992 The experimental design was a completely randomized 2 × 2 × 2 factorial with three replications at each site. The factors and levels were microtopography (roughened with 50 cm relief or flat), woody debris (0.02 m 3 ·m −2 or none), and seeding (17.8 kg·ha −1 or none). Plot size measured 9 × 6 m. The rough surface treatment was created using a mini excavator to dig holes approximately 100 × 60 × 30 cm deep. Material removed was mounded next to each hole, making the relief between the bottom of the hole and top of the mound about 50 cm. Approximately 20% of the ground was allocated to holes, 30% to mounded soil, and 50% to interspaces.
Seed of all species except big sagebrush was applied in September 2009 (Table 2) . Except for big sagebrush, all seed was obtained commercially, and seeding rates were calculated based on the purity and viability values provided by the vendor. Seed was mixed 1:1 by volume with rice hulls to help ensure even distribution of species in seeded plots. I chose seeding methods to be representative of typical restoration practices for each soil surface type. In my study area, flat restoration areas are typically drill seeded, while areas too rough for drill seeding are broadcast. In flat plots, seed was drilled approximately 1 cm deep using a Plotmaster 400 with a drill attachment. In rough plots, seed was broadcast by hand and then lightly raked to incorporate the seed into the soil. Another common restoration practice is to double the seeding rate for broadcast seedings. However, I chose to keep the seeding rate the same for both microtopography treatments. This resulted in microtopography being confounded with seeding method in this study, but not with seeding rate. This compromise between realism and experimental idealism was chosen in order to make the results directly relevant to restoration practice.
In late September or October 2009, stockpiled woody debris was distributed to each plot receiving the woody debris treatment. Distribution was the same in woody debris, flat plots and in woody debris, rough plots. Because topsoil was mixed with stockpiled woody debris, each of these plots also received approximately 5 × 10 (which would equal 0.6 kg·ha −2 pure live seed given 10% purity and 8% viability). At all sites except SQS, sites were snowy at the time of application. Before seeding, I tracked up the snow by walking four parallel, equally spaced routes to prevent seed from being blown off of the intended plots. In November or December 2009, all sites were fenced with 2.4 m−high fencing to exclude large herbivores. This was because I desired standardized grazing conditions among sites, and livestock and wildlife use varied spatially and temporally in the study area. Percent cover of vegetation was assessed in July or early August of 2011−2014 within experimental plots and 2011−2013 in reference, undisturbed locations adjacent to each site. Within plots, five 1-m 2 miniplots were arrayed systematically, with one miniplot located in the center of the plot and the remaining miniplots equidistant from the center miniplot and a plot corner. Point-intercept hits were measured at each of 36 grid intersections per miniplot (Herrick et al., 2005) . Reference plant communities were sampled using six 10 m − long transects arrayed systematically around each site, with 50 pointintercept hits per transect (Herrick et al., 2005 ; see Table 1 ). Hits were measured using a laser point-intercept sampling device (Synergy Resource Solutions, Bozeman, MT), and all layers of vegetation were identified to species.
Restoration Study: Data Analysis
I used repeated measures analysis of variance (ANOVA) in SAS PROC MIXED (SAS Version 9.3, SAS Institute, Cary, NC) with five factors and all possible interactions: site, microtopography treatment, woody debris treatment, seeding treatment, and year. All factors were considered fixed. Because there was replication within the site level, the sites varied in elevation, and differences in the effects of treatments among sites were of interest, site was included as a fixed effect. The nesting of year within plots was accommodated with a REPEATED statement, and the covariance structure was autoregressive with a lag of 1. Cover data were analyzed separately by the following functional groups: shrubs, perennial grasses, perennial forbs, downy brome (the only annual grass detected), and annual forbs. Biennial forbs were lumped with annual forbs. Insufficient downy brome grew at the TGC and SQS sites to permit analyses; analysis of downy brome is restricted to the SPG and SCD sites. Data were transformed to improve normality, and residual plots were inspected to ensure adherence to ANOVA assumptions. Tests for significant contrasts of means were calculated using LSMESTIMATE statements in SAS PROC MIXED. Means are presented ± SE. The order in which I discuss results is guided by the F values in the ANOVA tables (Table S2 ; available online at https://doi.org/10.1016/j. rama.2018.10.010), with factors having larger F values discussed before those with smaller ones. To focus the discussion on the pattern of responses to treatments, I limit my discussion of site effects to site × treatment (and site × treatment × treatment) interactions that had larger F values than those of the corresponding treatment (or treatment × treatment interaction). When site × treatment interactions that had larger F values than the corresponding treatment occurred, I conducted analyses separately by site.
Seed Dispersal Study
I conducted a 2 × 2 factorial experiment crossing two factors: microtopography (roughened with 50 cm relief or flat) and woody debris (0.02 m 3 ·m −2 or none). Plot size was 17.5 × 21.7 m. There was no replication over space, but two seed releases provided replication over time. The study was conducted on an abandoned agricultural field within the town of Fruita, Colorado. All vegetation was scraped from the soil surface in March 2017. Microtopography and woody debris treatments were applied as described for the Restoration Study.
Emerging bindweed (Convolvulus arvensis L.) was treated with 1.1 kg ai·ha − 1 glyphosate and 1.1 kg ai·ha − 1 2,4-dichlorophenoxyacetic acid applied with a backpack sprayer in both early and late May. Bindweed plants had withered before the release of seeds. Downy brome seeds were prepared by sterilization and coating with florescent powder as in Monty et al. (2013) . Seeds were prepared in batches of 100. In each batch 85 seeds were solitary and 15 had sterile florets attached, which represented the natural proportion of these propagule types. Four colors of Day-Glo Eco Pigments (Day-Glo Color Corp., Cleveland, OH) were used: Aurora Pink, Blaze Orange, Signal Green, and Saturn Yellow. By using a combination of normal flashlights, black lights, and red lights, these four colors could be reliably distinguished at night. Groups of 100 seeds were released from small platforms as in Johnston (2011) from near the center of each study plot. In plots with the rough surface treatment, two groups were released, one from the top of a mound and one from the bottom of a pit (these were aggregated for analysis). Colors were assigned as follows: green for control, pink for woody debris with flat surface, yellow for mound top (both rough surface only and rough surface with woody debris), and orange for pit (both rough surface only and rough surface with woody debris).
Seeds were released twice, on 12 June 2017 (Release 1) and 20 June 2017 (Release 2). Seeds were located on two occasions for each release: 2 d and 6−7 d following release, as prior research had shown that cheatgrass seed dispersal distances reach an asymptote at about 2 d (Johnston, 2011) . I used blacklights at night to locate seeds, confirmed the color of the seed, and then measured the distance in cm from the seed to its release platform. I assumed that the nearest "orange" platform was the release point for orange seeds and the nearest "yellow" platform was the release point for yellow seeds. I believe that this was a reasonable assumption because seeds in rough surface plots did not approach plot edges. At the second measurement for both releases, seeds were collected to avoid confusion for future releases. Data were analyzed following Monty et al. (2013) , wherein "release" was used as a grouping (random) factor for individual seed distances and distance data were log-transformed. Surface type (rough or flat), woody debris treatment (woody debris vs. none), and their interaction were included as fixed effects. Measurement periods (2 d following release or 6−7 d following release) were analyzed separately. Analysis was conducted in SAS PROC MIXED.
Results
Restoration Study: Perennials
Shrub cover increased with time (F 3,192 = 439.10, P b 0.0001), seeding reduced shrub cover (F 1,64 = 27.35, P b 0.0001), and the effect of seeding grew greater with time (yr × seed: F 3,192 = 13.85, P b 0.0001; Fig. 1a) . In 2011, a significant difference in shrub cover between seeded and unseeded plots was not apparent (P = 0.1535), but by 2014, unseeded plots averaged 27.0% ± 2.0% shrub cover while seeded plots averaged only 16.3% ±1.9% (t[192] woody debris treatment increased shrub cover (F 1,64 = 9.11, P = 0.0036) from a mean of 9.5% ± 0.8% to 12.1% ± 0.9%.
Seeding increased perennial grass cover (F 1,64 = 212.24, P b 0.0001), but the difference between seeded and unseeded plots grew smaller with time (yr × seed: F 3,192 = 40.45, P b 0.0001; Fig. 1b) . In 2011, seeding increased perennial grass cover from 7.7% to 34.7%, but by 2014, the difference was only 23.5% versus 32.8% (Fig. 1b) . Mountain brome (Bromus marginatus Nees ex Steud.) was dominant in seeded plots, accounting for 50.1% of all grass cover. Bluebunch wheatgrass and slender wheatgrass (Elymus trachycaulus [Link] Gould ex Shinners) were also common in seeded plots. In unseeded plots, the most common grass was needle-and-thread (Hesperostipa comata [Trin. & Rupr.] ) (26.2% of all grass cover), followed by mountain brome and Sandberg bluegrass. Nearly all (99.7%) of the perennial grass cover was native in seeded plots, and 96.8% was native in unseeded plots.
Microtopography had differing effects on perennial grasses depending on site (site × topo: F 3,64 = 4.95, P = 0.0038). Perennial grass cover was higher in flat surface plots at SCD (37.1% vs. 31.5%; t[64] = 2.01, P = 0.0482) and higher in rough surface plots at SQS [16.6% vs. 22.5%; t(64) = 2.45, P = 0.0170]. At TGC and SPG there were no significant effects of microtopography. The woody debris treatment increased perennial grass cover from a year-and site-averaged mean of 23.5% ± 1.1% to 26.2% ± 1.0% (F 1,64 = 4.79, P = 0.0323).
Perennial forb cover was higher in the seeded treatment (F 1,64 = 80.43, P b 0.0001), and the effect of seeding grew greater with time (year × seed: F 3,192 = 7.20, P = 0.0001; see Fig. 1c ). In 2011, seeding increased perennial forb cover from 5.4% ± 0.1% to 9.0% ± 1.0%; by 2014, this difference had grown to 6.7% ± 0.9% versus 18.1% ± 1.4% (see Fig.  1c ). In seeded plots, Rocky Mountain penstemon (Penstemon strictus Benth.) was common (42.2% of all perennial forb cover), followed by western yarrow (Achillea millefolium L; 23.9%), white locoweed (9.1%), Utah sweetvetch (Hedysarum boreale Nutt.; 7.0%), and Palmer's penstemon (Penstemon palmeri A. Gray; 6.6%). In unseeded plots, the most common perennial forb species was white locoweed (38.3% of perennial forb cover), followed by silvery lupine (9.9%) and Rocky Mountain penstemon (7%). Most (99.6%) of the perennial forb cover was native in seeded plots, and 96.3% was native in unseeded plots.
For perennial forbs, microtopography had different effects depending on site (site × topo: F 3,64 = 8.48, P b 0.0001) and seeding (seed × topo: F 1,64 = 11.04, P = 0.0015). At SCD, the effect of microtopography depended on seeding treatment (seed × topo: F 1,16 = 6.64, P = 0.0202). With seeding, forb cover was more than twofold higher in rough surface versus flat plots, while in the absence of seeding there was no effect of microtopography (Fig. 2) . At SPG, the rough surface increased forb cover from 13.9% ± 4% to 19.2% ± 4.4%. At TGC, the effect of microtopography depended on seeding treatment (seed × topo: F 1,16 = 6.18, P = 0.0243). With seeding, there was no effect of microtopography, while in the absence of seeding, forb cover was higher in flat surface plots versus rough surface plots (see Fig. 2 ).
The effect of the woody debris treatment on perennial forbs varied with site and seeding (site × seed × wood: F 3,64 = 2.74, P = 0.0503). At SCD, woody debris increased year-averaged forb cover from 6% ± 0.8% to 10.4% ± 1.4% (F 1,16 = 6.74, P = 0.0197). At other sites woody debris had no detected effect. The two-way interaction between woody debris and seeding was not significant at any site.
Restoration Study: Annuals
Downy brome established at two sites by 2014: SPG (site average of 1.2% downy brome cover) and SCD (site average of 3.8% downy brome cover). Seeding reduced downy brome cover at these two sites (F 1,32 = 18.38, P = 0.0002). The effect of seeding on downy brome cover grew greater with time (seed × year: F 3,96 = 23.54, P b 0.0001; see Fig. 1d ). In 2011, a significant difference in seeded versus unseeded plots was not apparent (P = 0.1226), but by 2014, unseeded plots averaged 10.4% ± 1.2% downy brome cover, while seeded plots averaged only 2.2% ± 0.4% (t[96] = 8.51, P b 0.0001; see Fig. 1d ).
The effect of microtopography on downy brome varied with site and seeding (site × seed × topo: F 1,32 = 6.12, P = 0.0189), as well as with site and year (site × year × topo: F 3,96 = 6.07, P = 0.0008). At SCD in the absence of seeding, downy brome cover was lower in rough surface plots versus flat plots (F 1,16 = 10.42, P = 0.0053), and this effect grew greater with time (F 3,48 = 6.91, P = 0.0016; Fig. 3 ). In 2011, there was no significant effect detected, but by 2014 flat surface plots averaged 13% ± 3.8% downy brome cover, while rough surface plots averaged only 2.5% ± 1.4%. With seeding, there was no detected effect of microtopography, either overall or within any specific year (P N 0.7087). At SPG, I detected no effect of microtopography or any interactions involving microtopography (P N 0.2321).
The woody debris treatment had no significant main effect on downy brome cover, although a 3-way interaction with year and seeding occurred (F 3,96 = 2.94, P = 0.0372). In unseeded plots in 2014, downy brome was 3.1% ± 0.9% with woody debris and 2.1% ± 1.3% without woody debris (averaged over SCD and SPG sites). Other combinations of year and seeding treatment were not significant.
Seeding reduced annual forb cover (F 1,64 = 317.27, P b 0.0001), annual forb cover declined strongly with time (F 3,192 = 521.19, P b 0.0001), and the effect of seeding grew smaller with time (year × seed: F 3,192 = 6.64, P = 0.0003; see Fig. 1e ). In 2011, seeding reduced annual forb cover from 55.6% ± 1.8% to 28.9% ± 2.6%, and by 2014, the difference was 10.4% ± 1.2% versus 2.2% ± 0.4%. In both seeded and unseeded plots, the native Douglas's knotweed (Polygonum douglasii Greene) was the most common annual forb, followed by the non-native prostrate knotweed (Polygonum aviculare L.). More than half (58.6%) of the annual forbs were native in seeded plots, and 42% of annual forbs were native in unseeded plots.
For annual forbs, the effect of microtopography depended on seeding (seed × topo: F 1,64 = 4.85, P = 0.0313). With seeding, there was a trend for slightly higher annual forb cover in flat plots versus rough surface plots, while in the absence of seeding, there was a trend for lower annual forb cover in flat plots versus rough surface plots. The woody debris treatment reduced annual forb cover from 20.3% ± 1.5% to 17.4% ± 1.4% (F 1,64 = 10.04, P = 0.0023). The effect of woody debris on annual forbs was modified by a 2-way interaction with site (site × wood: F 3,64 = 3.20, P = 0.0292), a 3-way interaction with site and year (site × year × wood: F 9,192 = 3.56, P = 0.0004), and a 4-way interaction (site × seed × topo × wood: F 3,64 = 3.03, P = 0.0355). Woody debris reduced annual forb cover by about half at SQS in 2013 and 2014 and at SCD in 2014 (P b 0.006). At SPG in 2014, an opposite effect occurred: Annual forb cover was 3× higher with woody debris than without woody debris (P = 0.0135). The 4-way interaction may have been driven by unseeded, rough surface plots at SPG and seeded, rough surface plots at TGC, where annual forb cover was higher with woody debris (P b 0.0324). In the other 14 combinations of seeding, surface, and site, the woody debris treatment had a negative effect on annual forb cover or was neutral with respect to annual forb cover.
Seed Dispersal Study
Seed recovery rates were moderate to high for all plots in Release 2 and for rough surface plots in Release 1 (51−94%). However, recovery rates were low for flat plots in Release 1 (4−14%). Conditions were extremely windy in the first 2 d of Release 1, which may have led to seeds being lost from the study plots or buried in soil. For both releases, average distance tended to be lower at the second measurement than the first (Release 1: 41.3 cm ± 1.6 cm at first measurement vs. 33.1 cm ± 1.4 cm at the second; Release 2: 45.1 cm ± 3.5 cm at first measurement vs. 36.7 cm ± 1.7 cm at the second), possibly because some of the seeds that traveled farthest were not relocated at the second measurement.
Microtopography had a large effect on seed dispersal distance both 2 d and 6−7 d after release (P b 0.0001; Figs. 4 and 5). At 2 d, seeds in flat surface plots had traveled an average distance of 107.4 cm ± 19.8 cm versus 32.7 cm ± 0.9 cm in rough surface plots. The difference in the distance traveled by the 95% percentile of seeds was 342 cm versus 75 cm. At 6 − 7 d, the mean difference for flat versus rough was 79.8 cm ± 16.3 cm vs. 28.6 cm ± 0.9 cm (95% percentile: 163 cm vs. 70 cm). Woody debris had no significant main effect on dispersal distance at either 2 d or 6−7 d (P N 0.302). At 2 d only, I detected a significant interaction between woody debris and microtopography (F 1, 725 = 5.51, P = 0.019), such that there was no detected effect of woody debris in flat plots, but woody debris slightly reduced dispersal distance within rough plots (t[725] = 2.49, P = 0.013, see Fig. 4 ).
Discussion
Seeding and abiotic treatments had a large impact on the recovery of mountain big sagebrush communities disturbed by simulated oil and gas drill pads in this study. Following disturbance, two of four sites exhibited vulnerability to invasion by downy brome. Seeding successfully limited downy brome and other weedy annuals, but it also altered species composition and slowed big sagebrush recovery. The pattern of results over years suggests that these effects will persist. One of the tested abiotic treatments, microtopography manipulation, may provide an alternative means of downy brome control, which could lessen the need for seeding. The second manipulation, woody debris replacement, may benefit desirable species establishment independent of its effects on downy brome.
Shrubs were limited by seeding, and the difference in shrub cover between seeded and unseeded plots grew greater with time. After 5 yr, shrub cover in plots without seed averaged 27%, while plots with seed averaged 16.3%. Mountain big sagebrush was the dominant shrub in reference plant communities, and it also comprised 94% of all shrub cover in the study plots. I seeded locally collected mountain big sagebrush; therefore, the availability of appropriate big sagebrush seeds was higher in seeded plots. Apparently, heightened competition in seeded plots limited their establishment. It has long been known that non-native grasses limit shrub establishment (Redente et al., 1984) . Our study concurs with recent research that indicates native grasses may limit shrub establishment as well (Porensky et al., 2014; Chambers et al., 2017) .
Downy brome establishment occurred in spite of high elevations, mesic climates, and a lack of downy brome before disturbance. Downy brome may have been introduced as a seed contaminant or may have entered via animal or human vectors, as downy brome plants were evident along roads and other preexisting disturbances near the study areas. The SCD site is at 2 341 m, with a frigid soil temperature regime and a 30-yr average of 460 mm (18 in. of precipitation; see Table 1 ). Sites with these characteristics generally have moderate suitability for annual grasses, and resistance to invasion can be lowered with loss of perennial species (see Table 3 in Chambers et al., 2016) . Over the past 20−40 yr, downy brome has expanded to montane and warm desert habitats and this expansion may be due to specialist genotypes adapted for these habitats (Merrill et al., 2012) . As these genotypes become more dispersed, downy brome invasion may become an increasing concern for disturbed high-elevation mountain big sagebrush sites.
Microtopography manipulation may provide a means of preventing downy brome invasion that is compatible with big sagebrush establishment. In unseeded plots at SCD, downy brome cover was fourfold lower with a rough surface versus a flat surface 5 yr post treatment. At the SPG site, there was no detected effect of microtopography; however, downy brome cover was threefold lower at the SPG site than at SCD and establishment was patchy. Results of this study concur with Johnston and Chapman (2014) , which compared a rough surface with woody debris to a flat surface with straw mulch. In that study, downy brome biomass was 10-fold lower 3 yr post treatment in rough/woody debris plots versus flat/straw plots at a site of 2 182 m. Johnston and Chapman (2014) also tested the interaction of the rough/woody debris treatment with imazapic herbicide at a lower elevation site (1 662 m) where downy brome had been prevalent before disturbance. In imazapic-treated plots at that site, downy brome biomass was sixfold lower in rough/woody debris plots versus flat/straw plots (Johnston and Chapman, 2014) .
Possible mechanisms for the effectiveness of the rough surface on downy brome include altered dispersal, altered competitive dynamics, and increased seed burial. The seed dispersal study confirmed that a rough soil surface greatly lessens downy brome seed dispersal as compared with a flat surface. A reduction in mean dispersal distance may be particularly helpful for downy brome control because of cascading effects on intraspecific competition. Individual downy brome plants in dense stands may produce 40 × less seed than individuals in sparse stands (Hulbert, 1955) . As an annual plant, downy brome must rely on a cycle of short distance dispersal and high seed production to spread in new areas following disturbances. By trapping seeds near the parent plant, a rough surface may prevent the growth of isolated, highly productive downy brome individuals, reducing both the spatial extent of downy brome and downy brome propagule pressure the following year. Over several generations, such an effect could explain the pattern observed at the SCD site, where downy brome increased over the course of this experiment, but the increase was far less with a rough surface. The impact of restricted dispersal in rough surface plots could be amplified by altered competitive dynamics. Downy brome seeds falling to the bottom of pits encounter higher, more stable soil moisture (Johnston, 2018) . More stable soil moisture increases the performance of perennial competitors, which reduces the dominance of downy brome (Harris, 1967; Bradford and Lauenroth, 2006; Chambers et al., 2007; Shinneman and Baker, 2009) .
Altered competition at the scale of the whole plot does not explain the effect of microtopography on downy brome. In unseeded plots at SCD, there was a trend for higher perennial grass cover with the flat surface (P = 0.12); no trend was evident for perennial forbs or shrubs (P N 0.48). Thus, it does not seem that the rough surface favored perennials and thereby allowed them to competitively exclude downy brome. Likewise, increased seed burial in rough surface plots probably played a minimal role. All plots had extensive and similar topsoil handling before treatment implementation, including topsoil removal, storage, spreading, ripping, and disking.
The microtopography treatment had site-specific effects on perennial grasses, with higher cover in flat plots at SCD and higher cover in rough plots at SQS. Microtopography manipulations such as pitting, contour plowing, or microcatchment creation have long been known to increase water storage capacity (Branson et al., 1966; Neff, 1973; Gupta et al., 1999) , aid in seedling establishment (Gintzburger, 1987; Gupta et al., 1999) , and increase grass production (Branson et al., 1966) . In this study, microtopography treatments were coupled with compatible seeding techniques: In flat plots all species except big sagebrush were drill seeded, while rough plots were completely broadcast seeded. Drill seeding is advantageous for many species because it facilitates soil-seed contact. The lack of an overriding effect of microtopography on grasses may indicate that these factors confer approximately equal advantages, as seeding rates were held constant between the two treatments while seeding methods differed. Site differences such as soil type may determine which treatment is most effective for grass establishment at a particular location. These results concur with those of Johnston and Chapman (2014) wherein the effect of rough/woody debris versus flat/straw treatments on perennial grass cover depended on site.
Perennial grass and perennial forb cover were higher in seeded plots. Perennial grasses in unseeded plots have continued to increase through time, such that the discrepancy between seeded and unseeded plot grass cover may eventually be negligible. However, this is not true for perennial forbs. Western yarrow, Rocky Mountain penstemon, and Palmer's penstemon were the seeded species that accounted for the majority of difference in forb cover between seeded and unseeded plots.
In most cases the rough surface was neutral or beneficial for perennial forbs. An exception occurred in unseeded plots at TGC, where forb cover was over twofold higher in flat surface plots. TGC was flatter than other sites, requiring little cut-and-fill to create a level surface during well pad simulation. The year after the disturbance, mature white locoweed plants were evident. These were disturbed by the action of digging holes and mounding soil in rough surface plots but appear to have survived treatment implementation in flat surface plots. White locoweed and another unseeded, deeply rooted species, silvery lupine, accounted for about 75% of 2014 forb cover in unseeded, flat surface plots at TGC. In the absence of this circumstance, the rough surface appeared to be beneficial for forbs, particularly for the seeded species western yarrow and Palmer's penstemon, which accounted for about 70% of 2014 forb cover in seeded, rough surface plots. This may be because broadcast seeding in rough plots allowed more separation between grass and forb seeds, lessening competition. Other possible explanations include wetter microsites allowing greater establishment and lessened competition from downy brome.
Woody debris replacement had a consistent, positive effect on shrub cover. By 2014, plots with woody debris averaged 24% shrub cover, while those without it averaged 19.3%. In many areas, big sagebrush establishment is desired as quickly as possible in order to improve habitat for sagebrush-obligate species. In this experiment, unseeded plots that included woody debris averaged 31% shrub cover after 5 yr, which neared the 44.1% reference community average (see Table 1 ). Woody debris may have improved big sagebrush establishment by creating favorable microsites for germination (Brown and Naeth, 2014; Goldin and Hutchinson, 2015) , increasing availability of symbiotic mycorrhizae, providing a source of locally adapted seed, or some combination of these factors. Big sagebrush forms a symbiosis with arbuscular mycorrhizal fungi, which increases its drought tolerance (Stahl et al., 2002) , and it also exhibits a high degree of local adaptation (Wang et al., 1997) . Any viable mycorrhizae or seed clinging to the skeletons could increase the availability of critical biotic components in the restoration area. Spreading local big sagebrush woody debris may act in several ways, both abiotic and biotic, to benefit restoration of big sagebrush ecosystems.
Woody debris also slightly increased perennial grass cover and reduced annual forb cover in most cases. It had a slight positive effect on downy brome in certain year/site combinations. Although shrubs and shrub mimics have been shown to increase seed entrapment (Reichman, 1984; Chambers, 2000) , the seed dispersal study indicated that the effect of woody debris placement on downy brome dispersal was minimal compared with that of microtopography. The degree of entrapment provided by woody debris may not be sufficient to decrease spread of downy brome, allowing other factors, such as improved microsites for germination, to increase downy brome. Figure 5 . In the seed dispersal study, marked downy brome seeds were tracked using blacklights. In flat surface plots (a), seeds dispersed further from release platforms than they did in rough surface plots (b).
Although abiotic manipulations may lessen the need to seed competitive grasses, some seed addition will likely continue to be needed. The seeding rates used in this study were somewhat higher than those commonly recommended; formulating seed mixes to prevent downy brome establishment while allowing establishment of keystone species such as big sagebrush is possible. Johnston and Chapman (2014) examined a seed mix with 10.9 kg·ha −1 of forbs and 1.7 kg·ha −1 of grasses and found that it promoted high shrub biomass and also limited establishment of downy brome and weedy annual forbs equally well as a mix containing 6× as much grass. Such alternative seed mixes should be investigated for other ecosystems. Controlling wind-mediated dispersal is important for many invasive plants, not only those commonly thought to be wind dispersed (Davies and Sheley, 2007b) . Key strategies of invasive plants include high seed production and rapid dispersal to and throughout areas where competition is lessened (Sakai et al., 2001) . After disturbances, a small increase in propagule pressure has a large impact on the likelihood of invasion (Thomsen et al., 2006; Clark and Johnston, 2009; Eschtruth and Battles, 2009 ) and the order that seeds arrive at a site is important (Tilman, 2004; Firn et al., 2010) . In one experiment, a head start of only 3 wk was sufficient to allow a native grass to outcompete an invader (Firn et al., 2010) . Therefore, a landscape that slows seed dispersal even to a small degree may provide a measurable benefit to desirable species seeded after a disturbance.
A dispersal-limiting obstruction has previously been shown to limit the spread of invasive species when applied as a barrier . In that study, a barrier of non-native crested wheatgrass (Agropyron desertorum Fisch Ex Link J.A. Schultes) slowed the spread of medusahead into an intact native plant community . This study extends this concept by demonstrating the effectiveness of dispersal-limiting obstructions applied throughout a treatment area. The advantage to treating the entire landscape is that threats from both the border and the interior are mitigated.
Several tools have been investigated to create microtopography manipulations at rangeland scales, such as the eccentric disk pitter (Barnes, 1950) , spike pitters (Barnes, 1950) , the Model B contour furrower (Branson et al., 1966) , and the cut-out disk pitter (Bainbridge, 1997) . The effects of these tools on desirable, seeded species have been well studied. Future studies should examine the effects of these tools on the control of invasive plants and how to best combine microtopography manipulations with other treatments such as herbicides to minimize weed propagule pressure after disturbances. A better understanding of the optimal size of depressions to hinder invasives without causing undesirable consequences is also needed.
Studies of dispersal in relation to species invasions have often focused on rare, long-distance dispersal events (Higgins and Richardson, 1999; Cain et al., 2000; Hastings et al., 2005) . Few studies have focused on causes of spread at the site level or effective management actions to reduce spread at this scale (Ghersa and Roush, 1993; Davies and Johnson, 2011) . Prior authors have suggested that proven strategies to reduce dispersal and propagule pressure of invasives could encourage a greater focus on prevention, which is much more effective than restoration (Davies and Sheley, 2007a; Davies and Johnson, 2011) . Seeding over a rough soil surface is one strategy that can reduce spread at the site scale and help prevent invasion following disturbances.
Implications
Disturbed areas in mountain big sagebrush ecosystems in North America may be invaded by downy brome even if downy brome is completely absent before disturbance. An effective preventative measure is to seed native species over a roughened soil surface of large holes and mounds. A rough soil surface restricts downy brome seeds to locations near the parent plant, where they must compete with each other. Heightened intraspecific competition then limits downy brome seed production the following year. Over a few years, restricted dispersal and lowered seed production can greatly lessen the dominance of downy brome in areas with a rough soil surface. Seeding over a rough soil surface may also be beneficial in restoration of more heavily invaded areas. If the seed bank is heavily infested, additional measures such as herbicide application will likely also be required.
Seed size and mode of dispersal impact the sensitivity of a species to surface characteristics. Even so, many types of weed seeds not commonly thought to be wind dispersed are influenced by soil surface obstructions. Annual plants, with their reliance on high seed production and rapid dispersal, may become less dominant in landscapes that slow seed dispersal. Seeding over a rough soil surface could be beneficial whenever seeded perennial species are preferable to annuals.
Perennial plant establishment via broadcast application over a rough soil surface is similar to that of drill seeding. Seeding grasses heavily, even if they are native grasses, limits recovery of big sagebrush. Using a rough soil surface may allow less grass-heavy seed mixes to be successful at holding out weeds, promoting faster recovery of big sagebrush for areas where this is desirable. Adding big sagebrush woody debris to restoration plots also facilitates faster big sagebrush recovery.
